Abstract. Human neutrophils (PMN) respond to tumor necrosis factor (TNF) by releasing their granules, reorganizing their cytoskeleton, and massively secreting hydrogen peroxide. This response is dependent on adhesion to extracellular matrix proteins and expression of CDllb/CD18 integrins (Nathan, C., S. Srimal, C. Farber, E. Sanchez, L. Kabbash, A. Asch, J. Gailit, and S. D. Wright. 1989 . J. Cell Biol. 109:1341-1349. We investigated the role of tyrosine phosphorylation in the response of PMN to TNF. PMN adherent to protein-coated surfaces but not suspended PMN showed tyrosine phosphorylation of several proteins (~150, ,~115, ,x,75, and *65 kD) in response to TNF. Tyrosine phosphorylation was evident 5 min after addition of TNF and lasted at least 2 h. The tyrosine kinase inhibitors K252a, genistein and ST638 suppressed tyrosine phosphorylation and blocked hydrogen peroxide production in a reversible manner at low concentrations. Tyrosine kinase inhibitors also blocked the spreading of PMN in response to TNF. Dihydrocytochalasin B did not inhibit tyrosine phosphorylation, but in its presence phosphorylation was rapidly reversed. By immunocytochemistry, the majority of tyrosine phosphoproteins were localized to focal adhesions. Thus TNF-induced tyrosine phosphorylation depends on adhesion of PMN to extracellular matrix proteins, and participates in the transduction of the signals that direct the cells to spread on a biological surface and undergo a respiratory burst.
tors K252a, genistein and ST638 suppressed tyrosine phosphorylation and blocked hydrogen peroxide production in a reversible manner at low concentrations. Tyrosine kinase inhibitors also blocked the spreading of PMN in response to TNF. Dihydrocytochalasin B did not inhibit tyrosine phosphorylation, but in its presence phosphorylation was rapidly reversed. By immunocytochemistry, the majority of tyrosine phosphoproteins were localized to focal adhesions. Thus TNF-induced tyrosine phosphorylation depends on adhesion of PMN to extracellular matrix proteins, and participates in the transduction of the signals that direct the cells to spread on a biological surface and undergo a respiratory burst. a•rominent element of the mammalian response to infection, antigen, or injury is production of tumor necrosis factor (TNF),I a cytokine with both immediate (transcription independent) and differentiative (transcription dependent) effects on polymorphonuclear leukocytes (PMN), macrophages, lymphocytes, endothelial cells, hepatocytes, adipocytes, fibroblasts, and myocytes (59). TNF's signal transduction pathways remain incompletely understood (52) , despite the molecular cloning of two TNF receptors, p55 (34, 50) and p75 (11, 56) . The extracellular portions of these receptors are homologous to the p75 nerve growth factor (NGF) receptor, the antigens Fas (24), CD40, CD27 (9) , and OX 40, and proteins ofvaccinia (20) and Shope fibroma viruses (57) . However, these proteins are not homologous in their intracellular portions. The cytoplasmic amino acid sequences of the TNF receptors reveal no clues to their mechanisms of action. In particular, the intrinsic tyrosine kinase activity common to many growth factor receptors (61) is not evident in this family. Nonetheless, mAb to CD40 induces tyrosine phophorylation (60) . Likewise, NGF elicits protein tyrosine phosphorylation in its target cells through the co-receptor trk (4) , and many of the actions of nerve 1 . Abbreviations used in this paper: KRPG, Krebs-Ringer phosphate buffer with glucose; NGF, nerve growth factor; PMN, polymorphonuclear leukocytes; RT, room temperature; TNE tumor necrosis factor. growth factor are blocked by a tyrosine kinase inhibitor, K252a (5) .
Human PMN respond dramatically to TNF (32, 35, 39, 41, 43, 48, 53) , independently of transcription (Farber, C., and C. Nathan, unpublished observation) and translation (39) . TNF-treated PMN lower their cAMP (41) , reorganize their actin-based cytoskeleton to form focal adhesions (41) , spread out (35, 41) , discharge proteases from their granules (48) and mount a massive, prolonged respiratory burst (32, 39, 41, 43, 53) . Each of these responses depends on expression by the PMN of adhesion receptors of the CDll/CD18 or B2 integrin family, and requires that the cells make contact with a surface coated with extracellular matrix proteins, plasma proteins, serum proteins, or other cells (39, 43, 48, 53) . Responses similar in nature and magnitude ensue when PMN are stimulated with GM-CSF (40), G-CSF (40), MIP-1 (62), IL-8, C5a (C. Nathan, unpublished observations), or N-formylated peptides (39) , but only if the cells are adherent. For suspended cells, the same agents are incomplete agonists that require cytochalasins as nonphysiologic cofactors, and even so, induce much smaller responses (reviewed in 39). While suspensions of PMN in vitro simulate PMN in the circulation, a state of transit, PMN actually performing their inflammatory or antimicrobial functions are usually adherent to other cells or to proteins of the extracellular matrix. We are interested in the mechanisms by which receptor-mediated signals from physiologic agonists like TNF are integrated with signals from adhesion receptors to elicit extensive morphologic and secretory responses in PMN in the absence of cytochalasins.
PMN contain tyrosine kinase activities (3, 7, 29) and transcripts for the nonreceptor tyrosine kinase hck (47) , andfgr (18) . Discrete sets of proteins undergo tyrosine phosphorylation in PMN in response to GM-CSF (15, 25, 33) , IL3 (25, 33) , formylated peptide (6, 7, 13, 15, 21, 22, 30, 37) , leukotriene B4 (6, 13) , platelet activating factor (6), calcium ionophore (6, 21) , PMA (6), Fc receptor cross-linking (10, 30) , or electropermeabilization in the presence of guanosine 5'-[-r-thio]triphosphate (38) or vanadate (16) . Compounds that can inhibit tyrosine kinases block the ability of some of these stimuli to prime suspended PMN for an enhanced respiratory burst to other stimuli (7, 15, 37) . However, it has not been possible to detect protein tyrosine phosphorylation in PMN in response to TNF (25) .
In this study, we re-examined the role of protein tyrosine phosphorylation in the signal transduction pathway of TNE We found that TNF does induce protein tyrosine phosphorylation in PMN. The process depends on adherence of the cells to protein-coated surfaces, and is a prerequisite for their adhesion-dependent respiratory burst.
Materials and Methods

PMN Preparation
PMN were isolated from heparinized blood of normal human donors with a one-step, modified Fir gradient separation (Neutrophil Isolation Medium, Cardinal Associates, Santa Fe, NM) as described in detail (43) . Erythrocytes were lysed by hypotonic shock and PMN resuspended in ice-cold Krebs-Ringer phosphate buffer with glucose (KRPG).
~rosine Phosphorylation
For adherent cells, PMNs were plated in 100-mm Primaria TM dishes (Falcon Labware, Becton-Dickinson & Co., Oxnard, CA) precoated with 3 mi FBS (Hyclone Systems, Logan, UT) or 3 ml RPMI 1640 containing 20 #g/ml plasminogen-free fibrinogen (Sigma Chemical Co., St. Louis, MO) at a concentration of 5 • 104 cells/ml in 5 rnl per dish of the same reaction mixture used for the H202 assay (see below), prewarmed to 37~ Reaction mixture consisted of KRPG containing 40 ILM scopoletin, 4.4 U/ml HRP and 1 mM NaN3 to inhibit endogenous myeloperoxidase. Reaction mixture was used in order to scavenge H202 released by the cells and to ensure comparability of conditions between the biochemical and functional assays. After 15 min, stimuli and/or inhibitors were added. At the indicated times, the dishes were placed on ice, the incubation medium was aspirated, and the residual cells were lysed in 150 tzl of solubilization buffer (10 mM TrisHCl, pH 7.4, 1% SDS, 1 mM sodium vanadate, 0.1 mM sodium molybdate, 1 mM sodium pyrophosphate, 10 mM NaF, 1 mM PMSE 5 mM diisopropyl fluorophosphate, and 5 ~g/rnl each of pepstatin A, leupeptin, aprotinin and chymostatin). The lysate was immediately boiled for 5 rain and then stored at -80~ until further analysis. For suspended cells, 1 ml of the same concentration of PMN was incubated in FBS-coated polypropylene tubes and agitated to-and-fro at 100 cycles per rain to prevent adhesion of the cells to the walls of the tube or to each other. At the indicated times, the tubes were centrifuged at 16,000 g for 10 s at room temperature (RT) and the cell pellets lysed in solubilizatiou buffer as above. Protein concentratinns of lysates were determined by the Bradford or modified Lowry methods (Bio-Rad Laboratories, Richmond, CA). Lysates were separated by SDS-PAGE (31) and transferred electrophoreticalty to nitrocellulose membranes (Snhleicher & Schuell, Inc., Keene, NH). The membranes were incubated overnight at 4*C in blocking buffer (20 mM TrisHCl, pH 7.4, 137 mM NaC1, 0.1% Triton X-IO0, 10% FBS) and then for 3 h at RT with antiphosphotyrosine mouse mAb 5E2 (IgG2b, ~) (12) at 1.5/~g/mi in blocking buffer. Membranes were washed in same buffer without serum, blocked again in 20 mM TrisHCl, pH Z4, 137 mM NaCI, 0.1% Tween 20, 10% FBS for 30 min at RT, and incubated at RT for 45 rain with HRP-conjugated IgG sheep anti-mouse IgG (Amersham Corp., Arlington Heights, IL) in the same buffer. After further washing in same buffer without serum, Western blots were developed using an enhanced chemiluminescence kit (Amersham Corp.). lmmunohistochemistry PMN (106 cells/ml) were plated on FBS-coated 13-mm diana glass coverslips in 12-well plates containing prewarmed reaction mixture. After 15 min to allow the cells to contact the coverslips, TNF (250 ng/ma) was added or cells were left untreated. After incubation for the indicated times at 37~ in air, the medium was gently aspirated and cells fixed either with 2.5% glutaraldehyde in KRPG (see Fig. 6 ) or with 1% paraformaldehyde in cacodylate buffer, pH 7.4 (75 mM sodium cacodylate, 0.72% sucrose), (see Fig.  8 ) for 10 min at RT while spinning at 30 g. In the latter case, the supernatant was replaced with 3.7% formaldehyde in PBS for 10 min at RT. Cells were then washed with PBS and permeabilized with 0.05% Triton X-100 in PBS for 4 min at RT. Fixed cells were incubated with blocking buffer (PBS + 10% calf serum) for 1 h at RT and then overnight with a 1/100 dilution of rabbit anti-phosphotyrosine anfitxxiy (19) in blocking buffer, washed 3 times in PBS, and incubated for 45 min at 37~ with rhodamine-conjngated goat IgG F(ab'h anti-rabbit IgG (7 and light chain) antibody (Tago, Inc., Burlingame, CA) in blocking buffer. Coverslips were washed twice in PBS and once in distilled water, inverted, and mounted in 90% glycerol in water on a glass slide.
Hydrogen Peroxide Release 1.5 • 104 PMN in 20/xl KRPG were added per well to 100/~1 of prewarmed (37~ reaction mixture in FBS-precoated 96-well Primaria TM plates. The plates were incubated for up to 2 h at 37~ in air with the appropriate stimuli and/or drugs. Production of H202 was monitored every 15 rain in a plate-reading fluorimeter by recording the stoichiometric oxidation of scopoletin to a nonfluorescent product (39) .
Other Reagents
Recombinant human TNFc~ was a gift of Genentech Inc. (South San Francisco, CA). mAb 5E2 was a generous gift ofB. M. Fendly (Genantech Inc.). ST638 was a generous girl of Dr. T. Shiraishi (Kanegafuchi Chemical Industry Co. Ltd., Takasago, Japan). Genistein was from GIBCO BRL (Gaithersburg, MD), K252a from Kamiya Biomedical Company (Thousand Oaks, CA), and all other reagents from Sigma Chemical Co.
Results
TNF Induces Protein ~rosine Phosphorylation in Adherent PMN
PMN were incubated in FBS-coated polystyrene dishes for 15 rain at 37~ to allow them to make contact with the substratum. They were then exposed to TNF (250 ng/ml) or PMA (100 ng/ml) or left untreated. 30 rain later, the incubation medium was gently aspirated. The cells were lysed, and equal amounts of cell protein subjected to SDS-PAGE and Western blotting with an anti-phosphotyrosine mAb (Fig. 1  A) . Without TNE contact with the plate for 45 min led to little or no detectable tyrosine phosphorylation. In contrast, exposure to TNF for the last 30 rain of the incubation resulted in intense tyrosine phosphorylation of several species. The major species migrated with an apparent molecular mass of ,~150 (ppl50), •115 (ppll5), ~75 (pp75), and ~65 kD (pp65). Results were the same when the dishes were coated with fibrinogen rather than FBS (Fig. 1 A) . The pattern of phosphorylation in response to PMA was almost completely distinct from that observed with TNF; only pp75 was found in common.
The specificity of the mAb was confirmed by the ability Figure 1 . Same procedure was used but blots were incubated with 5E2 in the presence of 1 mM phosphotyrosine (lanes I and 2) or a combination of tyrosine, phosphoserine, and phosphothreonine (1 mM each) (lanes 3 and 4) or with purified normal mouse IgG (1 txg/ml) instead of mAb 5E2 (lanes 5 and 6). of 1 mM phosphotyrosine to abolish its reactivity, while a mixture of 1 mM each of tyrosine, phosphoserine, and phosphothreonine had no effect. Normal mouse IgG was nonreactive ( Fig. 1 B) .
TNF-induced tyrosine phosphorylation was first evident in ppll5 within 5 min of addition of TNF (Fig. 2) . Tyrosine phosphorylation of pp75 was delayed until 30 min, and ppl50 was prominently phosphorylated only by 60 min after addition of TNE Over the 60- (Fig. 2) or 120-min period (not shown), no species showed a decrease in the extent of tyrosine phosphorylation. Thus, TNF-induced protein tyrosine phosphorylation in adherent PMN, like the TNF-induced respiratory burst, was relatively delayed in onset and prolonged in duration, compared with responses of suspended PMN to other agonists.
Adherent but Not Suspended PMN Undergo g~rosine Phosphorylation in Response to TNF
No tyrosine phosphorylation was detectable in TNF-treated, suspended PMN, beyond a minor degree of phosphorylation ofppll5 at 60 min (Fig. 3) . PMN from the same preparation underwent marked tyrosine phosphorylation when they were both exposed to TNF and allowed to spread on an FBScoated surface (Fig. 3) .
Effect of I~rosine Kinase Inhibitors
To test the physiologic consequences of tyrosine phosphorylation in TNF-treated PMN, we used three kinase inhibitors: genistein, an isoflavone (1); ST638, a cinnamamide (54); and K252a, an alkaloid (26) . Genistein and ST638 are specific for tyrosine kinases (1, 54), while K252a also inhibits protein kinase C (26), but is particularly potent at inhibiting tyrosine phosphorylation induced by NGF (5). ST638 (7, 15) and K252a (55), but not genistein, have been used previously to inhibit PMN activation.
First, we confirmed the ability of these agents to inhibit tyrosine phosphorylation (Fig. 4) . The most potent was K252a, which was effective at 1 nM. Genistein was effective at 1 #M and ST638 at 10/xM (Fig. 4) . Tyrosine phosphorylation of all detectable phosphoproteins was affected by each of the inhibitors.
All three inhibitors also blocked the TNF-induced respira- tory burst in PMN (Fig. 5 A) . The concentrations causing 50% inhibition were 25 nM for K252a, 5/~M for genistein and 50/zM for ST638. The lack of toxicity of genistein was demonstrated by the reversibility of its effect on the TNFinduced respiratory burst and by its relative selectivity in inhibiting the response to TNF but not PMA (Fig. 5 B) . The ability of PMN to reorganize their actin-based cytoskeleton into focal adhesions and to spread on a proteincoated surface appears to be a prerequisite for a full-scale respiratory burst in response to soluble physiologic agonists like TNF (41) . Although TNF-induced tyrosine phosphorylation was relatively slow in onset, it preceded cell spreading (see ref. 41 ). Thus, it was of interest to investigate whether tyrosine phosphorylation was a prerequisite for TNF-induced cell spreading. All three tyrosine kinase inhibitors blocked the extension of membranes characteristic of TNF-induced cell spreading (Fig. 6) . The adherent, TNF-treated cells exposed to tyrosine kinase inhibitors had the same appearance as adherent, TNF-treated PMN exposed to the microfilament-disrupting agent, dihydrocytochalasin B (41, 58). The relative selectivity and lack of toxicity of the tyrosine kinase inhibitors was demonstrated by their inability to inhibit PMA-induced cell spreading in the same experiments (Fig. 6) .
Effect of Dihydrocytochalasin B on l~rosine Phosphorylation
The foregoing experiments suggested that tyrosine phosphorylation preceded and was necessary for TNF-induced cell spreading. We next investigated whether cell spreading in turn had any effect on TNF-induced tyrosine phosphorylation.
Microfilament-disrupting agents prevent TNF from inducing spreading (C. Nathan, unpublished observation) and a respiratory burst (39) in adherent PMN, without diminishing adherence (41) . In the present experiments, treatment of PMN with dihydrocytochalasin B for 15 min simultaneously with TNF stimulation had no effect on tyrosine phosphorylation (Fig. 7) , even though spreading was completely prevented (not shown). Thus, while adherence was a prerequisite for TNF to induce protein tyrosine phosphorylation (Fig. 3) , spreading was not.
On the other hand, exposure to dihydrocytochalasin B for longer times (30 and 60 rain) led to reversal of the pre-existent tyrosine phosphorylation (Fig. 7) . Thus, cell spreading appeared to protect the predominant tyrosine phosphoproteins from being dephosphorylated.
Immunofluorescent Localization of ~rosine Phosphoproteins
The foregoing results raised the possibility that the predominant tyrosine phosphoproteins in TNF-treated PMN might be associated with organelles involved in cell spreading, such as focal adhesions. This prompted us to examine the morphologic distribution of tyrosine phosphorylation. When PMN were in contact with a protein-coated surface but were not exposed to TNF, fluorescence was observed only at the periphery of the nuclear lobes ( Fig. 8 B) ; this was attributable largely to the secondary antibody alone (not shown). In contrast, treatment of adherent cells with TNF led to extensive staining of punctate structures throughout well-spread cells, in some cases accentuated at the periphery (Fig. 8 D) . The focal plane of this reactivity indicated that it was confined to the surface of the PMN making contact with the substratum. Some PMN lost their nuclei and cell bodies during fixation and handling; in these cases, a disk of phase-dark membrane remained behind with numerous intensely staining punctate structures (not shown). Finally, the structures staining with anti-phosphotyrosine antibody extensively colocalized with structures of similar appearance that stained with anti-vinculin antibody (not shown). TNF-treated cells exposed to an irrelevant antiserum showed minimal staining which appeared to be confined to the plasma membrane (Fig. 8 F) , perhaps reflecting Fc receptor-dependent binding, a pattern dissimilar from that with anti-phosphotyrosine antibody.
Discussion
In TNF-treated PMN, cell adherence and cell spreading were both linked to tyrosine phosphorylation. Adherence was a prerequisite for TNF to induce tyrosine phosphorylation. Tyrosine phosphorylation was a prerequisite for TNF to induce cell spreading and the respiratory burst. These findings establish protein tyrosine phosphorylation as a signal transduction step in a set of actions of TNF on human PMN that do not require transcription or translation.
TNF-induced tyrosine phosphorylation has apparently been reported in only one instance, in fibroblasts, where proteins of 41-and 43-kD were affected (27) . Perhaps TNFinduced protein tyrosine phosphorylation was not detected in earlier studies of PMN, because the process depends on adherence of PMN to a surface, whereas PMN usually are studied in suspension. Dependence of tyrosine phosphorylation on adherence may reflect the critical participation of signals from CD11/CD18 adhesion receptors (82 integrins), as is the case with the other known TNF-induced responses of PMN adherent to protein-coated surfaces, including the fall in cAMP (41) , spreading (35, 41) , the formation of focal adhesions (41) , degranulation (48) , and the respiratory burst (43, 53) .
It is increasingly apparent that responses of cells to cytokines or growth factors are often modulated by, and in some cases dependent on, interactions of the cells with the extracellular matrix (23, 42) . An understanding of the biochemical mechanisms that underlie the joint control of cellular responses by adhesion receptors and cytokine receptors is beginning to emerge. Recently, involvement of •1 and 83 integrins in signaling protein tyrosine phosphorylation has been demonstrated (14, 17, 28, 46) . Cross-linking ofS1 integrins with antibodies enhanced by ~3.5-fold the tyrosine phosphorylation of 115-130 kD proteins in an epidermal carcinoma line (28) . Guan et al. (17) identified spreading on a fibronectin-coated surface as a stimulus for tyrosine phosphorylation of a 120-kD protein in 3T3 cells. Participation of the 83 integrin gp IIb-IIIa was required for protein tyrosine phosphorylation in platelets undergoing activation by agonists (14) . Finally, adherence to fibronectin fragments, or cross-linking of the/~1 integrin VLA-4 with antibodies, induced tyrosine phosphorylation ofa ppl05 in T lymphocytes (46) . To our knowledge, the present study is the first to demonstrate that adhesion to protein-coated surfaces in a manner dependent on 82 integrins can provide an essential costimulus for protein tyrosine phosphorylation; the first to demonstrate adhesion-dependent protein tyrosine phosphorylation in PMN, a cell type many of whose functions depend on adhesion; and the first to present evidence that adhesiondependent protein tyrosine phosphorylation is essential to a cell's functional responses. In the context of earlier work (43) , the role of 82 integrins was strongly supported by the dependence of TNF-induced tyrosine phosphorylation on adherence of cells to a protein-coated surface, together with the ability of fibrinogen to provide a suitable coating; 82 integrins are the only demonstrable fibrinogen receptors on PMN (2, 35) . Direct evidence that an intracellular signal can arise from cross-linking 82 integrins was recently provided by the demonstration that intracellular Ca ~+ is elevated in PMN treated with mouse mAb to CD18 together with rabbit anti-mouse IgG (45) . A critical role for focal adhesions in mediating signal transduction via integrins has been suggested (17, 28, 36) . The predominant, serologically detectable tyrosine phosphoproteins in TNF-treated PMN colocalized with focal adhesions. In other cell types, both tyrosine kinases (49) and tyrosine phosphoproteins (17, 36) have been localized to focal adhesions. Maher et al. (36) documented a punctate distribution of tyrosine phosphoproteins in adherent 3T3 and NRK fibroblasts, and stated that the tyrosine phosphoproteins colocalized with vinculin. The punctate distribution of tyrosine phosphoproteins in adherent 3T3 cells was confirmed by Guan et al. (17) , who demonstrated their codistribution with 131 integrins.
The proteins whose tyrosine phosphorylation was enhanced via integrin ligation in fibroblasts (115-130 kD) (17, 28) resemble in apparent Mr the pl15 which was tyrosine phosphorylated in adherent, TNF-treated PMN. However, unlike Guan et al. (17), we have not been able to obtain evidence suggesting a possible association of PMN tyrosine phosphoproteins with the focal adhesion-associated kinase of Schaller et al. (51) (unpublished observations). It will be of interest to determine whether focal adhesions, which constituted the predominant locale for tyrosine phosphoproteins in TNF-treated PMN, may also represent sites for the accumulation of /32 integrins, TNF receptors, and/or the cytoskeletal-associated components of the respiratory burst oxidase (44, 63) .
In adherent PMN, inhibiting spreading by blocking actin polymerization with dihydrocytochalasin B led to rapid dephosphorylation of already tyrosine-phosphorylated proteins. This suggested that tyrosine phosphoproteins may have been protected from dephosphorylation when associated with the cytoskeleton. This interpretation is consistent with the speculation by Guan et al. (17) that aggregation of~l integrins with cytoskeletal elements might form zones in which the 120-kD tyrosine phosphoprotein of spreading 3T3 cells may have been protected from tyrosine phosphatases. At early time points in our experiments (<5 min after addition of TNF), before focal adhesions formed, dephosphorylation may have been rapid, perhaps accounting for the relatively slow onset of accumulation of detectable tyrosine phosphoproteins. Conversely, after formation of focal adhesions, protection of tyrosine phosphoproteins from dephosphorylation may have accounted for their persistence (>120 min).
The earliest known event in the sequence leading to a massive respiratory burst in adherent PMN is a profound drop in cAMP (~<2 min) ( 
